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Abstract
In germ cells, the function of which is to form the next generation, apoptotic cell death occurs during development, as in the case of
somatic cells. In this study, we show that Bcl-x knockout heterozygous (Bcl-x/) mice exhibit severe defects in male germ cells during
development. A substantial increase in apoptosis of male germ cells occurs at around embryonic day 13.5 (E13.5) in Bcl-x/ embryos,
leading to hypoplasia of postnatal testes and reduced fertility. On the other hand, female germ cells at the same stages do not show
discernible differences between wild-type and Bcl-x/ embryos. This phenotype of Bcl-x haploinsufficiency shows that regulation of
apoptosis becomes different between the sexes at around the onset of sex differentiation. Through this study, we found that, in wild-type
embryos, (1) apoptosis is much more frequent (approximately 10 times) in the male than in female germ cells, and (2) expression of Bcl-xL,
but not that of Bax, is higher in female than in male germ cells, at around E13.5. Male fetal germ cells, cultured with gonadal somatic cells
in vitro, showed higher frequencies of apoptosis than those cultured without gonadal somatic cells. On the other hand, in the absence of
gonadal somatic cells, both male and female fetal germ cells in vitro showed similar frequencies of apoptosis to female fetal germ cells in
vivo. Therefore, male germ cell apoptosis, of which the default pathway is similar to that of the female, is likely to be influenced by male
gonadal environments.
© 2003 Elsevier Inc. All rights reserved.
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Introduction
Primordial germ cells (PGCs) in mice are derived from a
population of pluripotent epiblast cells and then translocated
to the extraembryonic tissues until around E7.25 (Ginsburg
et al., 1990; Tam and Zhou, 1996; Yoshimizu et al., 2001).
Then, PGCs enter into the embryonic region and migrate to
reach the urogenital ridge (UGR) at around E10.5. PGCs
proliferate during their migration and continue to divide
several times after their settlement in the UGR (reviewed in
McLaren, 1994). At E12.5–E13.5, following sex differenti-
ation of the developing gonads, female PGCs enter into the
first meiotic division, while those in the male continue to
divide several additional times, then become mitotically
arrested as prospermatogonia (Vergouwen et al., 1991; Na-
gano et al., 2000). Previous studies have shown that the
difference in cell cycle regulation between the sexes is
directed by the sex of the gonadal somatic cells, but not by
that of the germ cells themselves (Francavilla and Zamboni,
1985; McLaren and Southee, 1997; Chuma and Nakatsuji,
2001). Male germ cells resume mitosis as spermatogenic
stem cells at around postnatal day 5 (P5), then enter into
meiosis as spermatocytes and produce spermatids, followed
by sperm, which are first observed at around 5 weeks post-
partum. On the other hand, female germ cells progress in
maturation as oocytes along with follicular development
after birth, and ovulate depending on the reproductive cycle.
Apoptotic cell death occurs physiologically during de-
velopment and it functions in, for example, controlling cell
numbers, morphogenesis, or eliminating defective cells (re-
viewed in Jacobson et al., 1997). In germ-line cells, al-
* Corresponding author. Fax: 81-75-751-3890.
E-mail address: nnakatsu@frontier.kyoto-u.ac.jp (N. Nakatsuji).
R
Available online at www.sciencedirect.com
Developmental Biology 264 (2003) 202–216 www.elsevier.com/locate/ydbio
0012-1606/$ – see front matter © 2003 Elsevier Inc. All rights reserved.
doi:10.1016/S0012-1606(03)00400-7
though their function is to form the subsequent generation,
apoptotic cell death occurs as in somatic cells, and a sub-
stantial proportion of germ-line cells are lost during devel-
opment. A portion of inner cell mass cells, pluripotent cells
at around E3.5, are lost by apoptosis (El-Shershaby and
Hinchliffe, 1974; Brison and Schultz, 1997). Fetal germ
cells in developing gonads, such as prospermatogonia at
E13.5 (Wang et al., 1998) and oocytes at E15.5 (Ratts et al.,
1995), have also been shown to exhibit apoptotic cell death.
There are also several surges of apoptosis in germ cells after
birth, such as during the first wave of spermatogenesis
(Mori et al., 1997; Rodriguez et al., 1997; Wang et al., 1998;
Boulogne et al., 1999) and in early antral follicles (Ratts et
al., 1995).
Regulation of developmental apoptosis relies on the bal-
ance of pro- and anti-apoptotic molecules (reviewed in
Gross et al., 1999). In the BCL-2 family, for example, BAD,
BAK, and BAX promote apoptosis, whereas BCL-2,
BCL-w, and BCL-xL associate with proapoptotic molecules
and work as apoptotic suppressors (Boise et al., 1993;
Oltvai et al., 1993; Yang et al., 1995; Reed, 1997). In germ
cells, gene disruption and transgenic studies have demon-
strated that members of the Bcl-2 family, such as Bcl-2,
Bcl-w, Bax, and Bcl-x, are involved in regulating survival of
the cells (Knudson et al., 1995; Rodriguez et al., 1997;
Watanabe et al., 1997; Print et al., 1998; Ross et al., 1998;
Print and Loveland, 2000). Among these genes, Bcl-x-defi-
cient mice show a depletion of germ cells during develop-
ment. A Bcl-x hypomorphic mouse, which carries a disrup-
tion in a possible germ cell-specific promoter/enhancer of
the gene, exhibits severe loss of both male and female fetal
germ cells at around E13.5, resulting in sterility (Rucker et
al., 2000). This phenotype in fetal germ cells is rescued by
simultaneous disruption of Bcl-x and Bax. Therefore, in
fetal germ cells, BAX is the main proapoptotic molecule
which BCL-x acts to suppress. Disruption of Bax itself leads
to hyperplasia of spermatogenic cells after birth (Knudson
et al., 1995).
Null mutant Bcl-x knockout homozygous mice exhibit
embryonic lethality at around E13.5, showing severe defects
in hematopoietic and neural cells (Motoyama et al., 1995).
Bcl-x knockout heterozygous (Bcl-x/) mice, on the other
hand, do survive and are normal in appearance. However,
we found that Bcl-x/ male mice showed severe defects in
spermatogenesis, resulting in reduced fertility, and this de-
ficiency occurred in fetal germ cells at around E13.5. Sur-
prisingly, female fetal germ cells were not affected at the
same stage. Therefore, dose requirements for Bcl-x in fetal
germ cells become different between the sexes at around the
onset of sex differentiation of germ cells. In this study, we
also show that, in wild-type embryos at around E13.5, (1)
the frequency of apoptosis in fetal germ cells is much higher
in the male than in the female, (2) Bcl-xL, but not Bax, is
expressed higher in female than in male fetal germ cells, and
(3) differences in the regulation of apoptosis between in
male and female fetal germ cells are under the influence of
the surrounding gonadal environments, as in the case of cell
cycle regulation. These results show that fetal germ cells at
as early as E13.5, that is, just at around the onset of the sex
differentiation, take different fates in regard to apoptosis.
Materials and methods
Mice
Generation of Bcl-x knockout mice by gene targeting
was previously described (Motoyama et al., 1995). The
targeted allele of Bcl-x lacks exons 1 and 2, which encom-
pass enhancer/promoter region and most of the coding re-
gion of the gene. The mutant mouse strain was maintained
by crossing with C57BL/6J mice. Genotyping for Bcl-x and
the sex of embryos was carried out by using PCR (primers
for Bcl-x were 5-GGTGGATGTGGAATGTGTGCGA-
GG-3 and 5-GGTCTCCTGAACAATCGGTATCTT-3,
and primers for Ube1 and Sry were as in Chuma and
Nakatsuji (2001)). Noon following the presence of a copu-
lation plug was defined as E0.5.
Histology
Tissues were fixed in Bouin’s solution for hematoxylin
and eosin (HE) staining and anti-germ cell-specific nuclear
antigen (GENA) immunostaining (Tanaka et al., 1997), or
in 4% paraformaldehyde (PFA) in phosphate-buffered sa-
line (PBS) for stage-specific embryonic antigen-1 (SSEA-1)
immunostaining (Solter and Knowles, 1978). Serial paraffin
sections of 7-m thickness were used for histological stain-
ing and following cell counting. Fetal germ cells at E11.5-
E13.5 were identified by SSEA-1, while fetal germ cells
after E14.5, when SSEA-1 declines its expression, were
identified by GENA. Biotinylated anti-rat immunoglobulin
(Ig) G antibodies (DAKO) were used for anti-GENA stain-
ing, and Cy3-conjugated anti-mouse IgM antibodies (Jack-
son ImmunoResearch) for SSEA-1 staining. VEC-
TASTAIN Elite ABC kit (Vector Laboratories) and
Fig. 1. Testicular atrophy in Bcl-x/ mice. (A) Gross anatomy of male reproductive tissues of wild-type (upper panel) and Bcl-x/ (lower panel) mice at
3 months of age. Scale bars, 1 cm. Ad, adipose tissue; Eh, head of epididymis; Et, tail of epididymis; Sd, spermiduct; Sv, seminal vesicle; T, testis. (B) Percent
changes in the body weight and wet weights of selected tissues of Bcl-x/ mice compared with those of wild-type littermates at 3 months of age (n  4
for each organ). (C, D) Comparison of wet weights of testes (C) and ovaries (D) between wild-type and Bcl-x/ mice, at different ages (n 4 for each stage
and genotype). (E) Left panels, northern blots of adult tissues from wild-type and Bcl-x/ mice for Bcl-x (upper panel) and Gapdh (middle panel). 28S
rRNAs stained with ethidium bromide are also shown as loading controls (lower panel). Right panel, densitometric quantification of Bcl-xL signals in the
northern blot, normalized to those of Gapdh.
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Fig. 2. Defective spermatogenesis in Bcl-x/ mice. (A–C) HE staining of sections of testes from wild-type (A) and Bcl-x/ (B, C) mice at 3 months of
age. Diameters of seminiferous tubules are reduced, and only Sertoli cells are seen in several tubules of the Bcl-x/ testis (single asterisk). There also are
tubules that apparently contain a normal constitution of germ cells (double asterisks). (D) Anti-GENA immunostaining of a section of a Bcl-x/ testis
(brown), which shows a reduction in the number of spermatogonia. (E, F) HE staining of sections of seminiferous epididymides from wild-type (E) and
Bcl-x/ (F) mice. (G, H) HE staining of sections of P10 testes from wild-type (G) and Bcl-x/ mice (H). (I, J) Anti-GENA immunostaining of sections
of P10 testes from wild-type (I) and Bcl-x/ (J) mice. Spermatogonia are reduced in the Bcl-x/ testis. (K–N) HE staining of sections of ovaries at 3 months
(K, L) and P10 (M, N). (K, M) are from wild-type, and (L, N) are from Bcl-x/ mice. Arrowheads indicate primordial follicles. Scale bars: (A, B), (D),
(E, F), (I, J), and (M, N), 100 m; (C) and (G, H), 50 m; (K, L), 500 m.
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diaminobenzidine (DAB) were used for color-detection.
The total number of germ cells in each gonad (X) was
estimated from the sum of counted numbers of germ cell
nuclei in every other sections (Y) as follows: X  {1  (2r
 d)/2d}  Y, where 2r  mean nuclear diameter and d 
thickness of sections (7 m). Nuclear diameters were de-
termined by comparison of those in adjoining sections (Rus-
sell et al., 1990), and the mean values  SEM were 8.8 
0.7, 7.6  0.6, 9.0  0.6, and 10.6  0.6 m for E12.5,
E13.5, E15.5, and E17.5 in the male, and 8.9  0.6, 8.2 
0.6, 9.0  0.5, and 8.2  0.5 m in the female (data from
at least 100 cells for each category). Data were collected
from gonads from at least four embryos for each stage and
genotype in each experiment. To assess developing Sertoli
cell numbers at E14.5, sections of fetal testes were double
stained with anti-AMH (Santa Cruz Biotechnology) and
anti-GENA antibodies, then cells positive for AMH, but
negative for GENA, in developing seminiferous cords were
counted as developing Sertoli cells.
In situ detection of apoptotic cells
Apoptotic cells were identified by terminal deoxynucleo-
tidyl transferase (TdT)-mediated digoxigenin (DIG)–dUTP
nick-end labeling (TUNEL) method, as previously de-
scribed (Gavrieli et al., 1992). In brief, sections or tissues
fixed in 4% PFA in PBS were treated with proteinase K,
then 3 ends of genomic DNA were labeled with DIG–
dUTP (Roche, Germany) by TdT. DIG was detected with
horseradish peroxidase-conjugated anti-DIG antibodies and
DAB for sections, and ALPase-conjugated anti-DIG anti-
bodies and NBT and BCIP for whole-mount tissue staining.
For double staining of TUNEL with SSEA-1, DIG was
detected with fluorescein-conjugated anti-DIG antibodies
(Roche), and nuclei were counterstained with Hoechst
33258 dye.
Northern blot analysis
Total RNA (20 g) of each tissue was electrophoresed in
a 1% formaldehyde-denaturing agarose gel, then transferred
to a BIODYNE B nylon membrane (PALL). A 699-bp
fragment of Bcl-xl (243-941 bp, Accession No. L35049) and
a 1116-bp fragment of Gapdh (51-1166 bp, Accession No.
M32599) cDNA were labeled with [-32P]dCTP, then used
as hybridization probes. Signals were detected and quanti-
fied by using fluoroimage analyzer, Fra3000 (Fuji film,
Japan).
Real-time RT-PCR analysis
Gonads at E11.5 and E13.5 were dissociated with 0.05%
trypsin and 1 mM EDTA in PBS, then immunolabeled with
anti-SSEA-1 and Cy3-conjugated anti-mouse IgM antibod-
ies. Labeled cells were picked-up manually by using a
micromanipulator. Germ cells at E15.5 were isolated by
using the Percoll-gradient method as previously described
(De Felici et al., 1982). About 400–800 germ cells were
used to make cDNA pools by using the Cell-to-cDNA
kit (Ambion). Real-time PCR analyses were carried out
by using an ABI PRISM 7700 (Applied Biosystems).
PCR primers for Bcl-xL were 5-CCACCTATCTGAA-
TGACCACCTA-3 and 5-CGGCTCTCGGCTGCTGC-
ATTGT-3, and the hybridyzation probe was 5-TET-TC-
CACAAAAGTGTCCCAGCCGCCGTTCTC-TAMRA-3.
Primers for Bax were 5-CGTGGTTGCCCTCTTCTAC-
TTT-3 and 5-TGATCAGCTCGGGCACTTTAG-3, and
the probe was 5-FAM-AAACTGGTGCTCAAGGCCCT-
GTGC-TAMRA-3. For 18S rRNA, primers and probe pro-
vided by the manufacturer (Applied Biosystems) were used.
PCRs were carried out in duplicate wells, and relative ex-
pression of Bcl-xL and Bax, calculated by comparative CT
method, was normalized to that of 18S rRNA.
Immunofluorescence staining and semi-quantification
Tissue sections were triple-stained with (1) anti-BCL-x
or anti-BAX antibodies (Santa Cruz Biotechnology) (2)
anti-GAPDH antibodies (Chemicon) as a control, and (3)
anti-SSEA-1 or anti--CATENIN (Transduction Laborato-
ries) antibodies to identify fetal germ cells. Secondary an-
tibodies used were FITC-conjugated anti-rabbit IgG anti-
bodies for BCL-x and BAX, Cy3- anti-mouse IgM
antibodies for SSEA-1, and AlexaFluor 350- anti-mouse
IgG antibodies for GAPDH. Linearity of BCL-x and BAX
antigen–antibody reaction was confirmed by dot blot assays
using antigenic peptides (data not shown). Semiquantifica-
tion of immunofluorescence signals was carried out accord-
ing to the method previously described (Mino et al., 1998).
Fluorescence signals were captured by using a CCD camera
(AquaCosmos, Hamamatsu Photonics, Japan) mounted on a
fluorescence microscope, and the sum of signals in the inner
areas of cell shapes (demarcated with SSEA-1 for E11.5 and
E13.5 germ cells, and with -CATENIN for E15.5) was
measured. Adjoining serial sections, stained only for
SSEA-1 or -CATENIN and with secondary antibodies,
were used to subtract background signals. Data from 300
cells were used to calculate means and SEM for each stage
and genotype (50 germ cells in one gonad, and 6 gonads for
each category).
Primary culture of fetal germ cells
Primary culture of fetal germ cells were carried out by
using S1/S14 m220 feeder cells as previously described
(Matsui et al., 1991). In brief, for mixed culture of germ
cells and gonadal somatic cells, genital ridges at E11.5 or
developing gonads at E12.5 were dissociated with 0.05%
trypsin and 1 mM EDTA in PBS, then seeded onto mito-
mycin C treated S1/S14 m220 feeder cells in high glucose
Dulbecco’s modified Eagle’s medium, supplemented with
10% fetal bovine serum, nonessential amino acids, nucleo-
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sides, and 100 M of 2-mercaptoethanol. Approximately
105 cells from UGRs or developing gonads were seeded in
each culture well. For culturing purified germ cells devoid
of most of somatic cells, fetal gem cells were isolated by the
Percoll-gradient method (De Felici et al., 1982), and num-
bers of feeder cells were increased to compensate for dif-
ferences in total numbers of cells compared with mixed
culture of germ cells and gonadal somatic cells. After 24 h
of culture, cells dissociated with trypsin and EDTA were
fixed in 4% PFA in PBS, then processed to make cell smears
on glass slides. The cell smears were double-stained for
TUNEL and SSEA-1, or immunostained for BCL-x fol-
lowed by semiquantification as described above. Data were
collected from four duplicate wells for each category of
culture.
Statistical analysis
Data are presented as means  standard errors of the
mean (SEM). Significant differences were examined by
using the Student’s t test. P values 0.05 were considered
to be significant and denoted with asterisks.
Results
Testicular atrophy in Bcl-x/ mice
Bcl-x knockout homozygous mice are embryonic lethal
at around E13.5, showing severe defects in hematopoietic
and neural cells, as previously described (Motoyama et al.,
1995). On the other hand, Bcl-x knockout heterozygous
(Bcl-x/) mice were normal in appearance compared with
wild-type mice. Body weights at 3 months of age were as
follows: male wild-type, 25.8  2.5 g; male Bcl-x/, 23.0
 1.2 g; female wild-type, 24.0  2.8 g; female Bcl-x/,
22.5  1.0 g (n  4). However, through gross examination
of organs and tissues, we found that testes in Bcl-x/ mice
showed severe atrophy, and were about 25–40% of the
weight of wild-type testes (Fig. 1A and C). Such severe
atrophy of testes was observed through the postnatal lives.
On the other hand, ovaries in Bcl-x/ mice did not show
discernible abnormalities in appearance nor significant re-
duction in weight compared with wild-type until 6 months
of age as shown in Fig. 1B and D. Bcl-x/ ovaries then
showed reduced weights compared with the wild-type by 1
year (as shown in 12 months in Fig. 1D), suggesting that
some aging effects may be present in Bcl-x/ mice, in
addition to the primary developmental defect observed in
the testis. Other somatic organs, including neural and he-
matopoietic tissues in which severe defects were observed
in Bcl-x knockout homozygous mice, did not show notice-
able abnormalities nor weight reductions in Bcl-x/ mice
(Fig. 1B, and data not shown).
Northern blot analysis of Bcl-xL ascertained that expres-
sion of Bcl-xL in Bcl-x/ mice (normalized to those of
Gapdh) was approximately one-half of that in the wild-type,
among tissues examined (Fig. 1E). Longer transcripts of
Bcl-xL observed only in the testis would be derived from a
germ cell-specific promoter/enhancer, which was previ-
ously reported for fetal germ cells (Rucker et al., 2000). We
did not detect any aberrant transcripts in RNA samples from
Bcl-x/ mice in the northern blot (data not shown), ex-
cluding the possibility of a truncated product from the
targeted allele which could function as a dominant negative
form.
Germ cell defects in Bcl-x/ mice
Histological examination of adult testes in Bcl-x/ mice
revealed severe loss of germ cells in a portion (about 20–
30%) of seminiferous tubules (Fig. 2A and B). In these
defective seminiferous tubules, almost no germ cells, from
spermatogonia to sperm, were observed, and only Sertoli
cells were remaining (Fig. 2C and D). Since there were also
seminiferous tubules that apparently contained the normal
constitution of germ cells, Bcl-x/ testes consisted of nor-
mal and defective parts of seminiferous tubules. Numbers of
mature sperm in the epididymides of Bcl-x/ mice were
severely reduced, compared with those in the wild-type
(Fig. 2E and F).
In spite of the severe morphological atrophy, a signifi-
cant increase of TUNEL-positive apoptotic cells was not
observed in Bcl-x/ adult testes (data not shown). There-
fore, the loss of germ cells in Bcl-x/ testes should have
occurred at earlier stages of development. In fact, spermato-
gonia at P10 were severely reduced in Bcl-x/ testes,
showing mosaic distribution of the cells (Fig. 2G–J). Ova-
ries in Bcl-x/ mice, on the other hand, did not show
noticeable defects in histological examination, including
development of primordial, primary and antral follicles
from P10 to 6 months of age (Fig. 2K and L for 3 months
of age, and Fig. 2M and N for P10). At 12 months of age,
total numbers of follicles were decreased in accordance with
reduction in weights, but the remaining follicles did not
show noticeable abnormal appearances nor constitutions.
Fig. 3. Decrease in numbers of male fetal germ cells in Bcl-x/ embryos. (A, B) Sections of fetal male gonads at E14.5 were immunostained for GENA
(brown), and counterstained with hematoxylin in wild-type (A) and Bcl-x/ (B) embryos. Male germ cells are reduced in Bcl-x/ embryos. (C, D) Male
germ cells at E17.5, immunostained for GENA. (E, F) Sections of female gonads at E14.5 immunostained for GENA. Significant differences are not observed
between the wild-type and Bcl-x/ embryos. Scale bars, 50 m. (G, H) Changes in the numbers of male (G) and female (H) fetal germ cells per gonad during
development in each Bcl-x genotype (data from 4 embryos in each category). SSEA-1 was used to identify germ cells at E12.5 and E13.5, and GENA was
used for E14.5 and E17.5.
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We also did not detect significant increase in TUNEL-
positive cells in ovaries from Bcl-x/ mice, compared with
the wild-type at 3, 6, and 12 months of age (data not shown).
Fetal germ cell apoptosis increases at E13.5 in Bcl-x/
male embryos
We further focused on addressing developmental defects
of the testis in Bcl-x/ mice. Since spermatogonia were
already reduced in neonatal testes, fetal germ cell develop-
ment in Bcl-x/ embryos was examined. At E12.5, num-
bers of both male and female fetal germ cells were not
significantly different between wild-type and Bcl-x/ em-
bryos. On the other hand, at E13.5, when fetal germ cells
gradually stop their proliferation and become different in
their cell cycle stages between the sexes, a decrease in male
germ cell number was clearly observed in Bcl-x/ embryos
compared with the wild-type (Fig. 3A–D, and G). Female
germ cells at the same stage were not affected in Bcl-x/
embryos (Fig. 3E, F, and H).
The numbers of apoptotic germ cells at E12.5 were not
different between wild-type and Bcl-x/ embryos (data not
shown). At E13.5, consistent with the decrease in male germ
cell numbers, the frequency of apoptosis in Bcl-x/ male
gonads obviously increased (Fig. 4A and B), and apoptotic
cell numbers in Bcl-x/ male gonads were about twice as
high as those in wild-type embryos (Fig. 4G). Almost all
(95%) of these TUNEL-positive cells were within devel-
oping testicular cords (Fig. 4B, inset) and were prosper-
matogonia, as identified by SSEA-1 signals (Fig. 4E and F).
On the other hand, the frequency of apoptosis in female
germ cells in gonads was similar between wild-type and
Bcl-x/ embryos, through the developmental stages exam-
ined (Fig. 4C, D, and G). Thus, Bcl-x haploinsufficiency
leads to increased apoptosis in male germ cells, but not in
the female, at around the stage when sex differentiation of
fetal germ cells occurs.
Numbers of developing Sertoli cells in wild-type and
Bcl-x/ embryos were not significantly different at E14.5
(wild-type, 16370  675 cells per gonad, n  3; Bcl-x/,
16820  993 cells per gonad, n  3), when reduction in
male germ cell numbers was already evident, excluding the
possibility that increase in apoptosis of male fetal germ cells
in Bcl-x/ embryos is a consequence of defects in support-
ing Sertoli cells.
Real-time RT-PCR analysis showed that the expression
level of Bcl-xL in fetal germ cells in Bcl-x/ embryos was
about 70% of that in the wild-type at E13.5 (Fig. 4H). It also
revealed that Bcl-xL expression in male germ cells was
about one-half of that in the female in wild-type embryos.
These differences in Bcl-xL expression between male and
female fetal germ cells may account for the male-specific
phenotype in Bcl-x/ mice, provided that the threshold
amount of Bcl-xL required for fetal germ cell survival is
between those in female and male germ cells in Bcl-x/
embryos.
Differential regulation of fetal germ cell apoptosis
between the sexes
We found that the frequency of apoptosis in fetal germ
cells in wild-type embryos became quite different between
the male and female at as early as E13.5, as shown in Fig.
4G. Apoptosis in male germ cells was increased drastically
between E12.5 and E13.5 (from 1.2 to 4.3%), then de-
creased again at around E17.5. In the female, the frequency
of apoptotic gem cells was consistently low (0.8 and 0.4%
at E12.5 and E13.5, respectively, showing a slight increase
to 1.1% at E17.5), resulting in about a 10 times higher
frequency of apoptosis in the male germ cells than those in
the female at E13.5 (Figs. 5A and 6A). Whole-mount
TUNEL staining of fetal gonads at E13.5 clearly showed the
difference in apoptosis between the sexes. The distribution
of apoptotic cells was biased to developing testicular cords
in the male gonad, while such apoptotic cells were not
abundant in the female gonad (Fig. 5B).
The expression of Bcl-xL in fetal germ cells also showed
a difference between the sexes, but the pattern was opposite
to that of apoptosis. Relative expression of Bcl-xL in female
germ cells was about two times higher than that in the male
at E13.5–E15.5 (Fig. 5D). This difference was corroborated
by semiquantification of the BCL-x protein by immunoflu-
orescence staining. The intensity of BCL-x signal (normal-
ized to those of GAPDH) in male germ cells was about
one-half of that in the female at E13.5–E15.5 (Fig. 5C and
E). In contrast, BAX, which would be the main proapoptotic
molecule that BCL-x acts to suppress, did not show such
differences in both mRNA and protein amounts between
male and female germ cells at the same stages (Fig. 5C, F,
and G). In summary, there is a distinct elevation in the
frequency of apoptosis in male germ cells, but not in female,
as soon as fetal germ cells start their sex differentiation. At
Fig. 4. Increased apoptosis in Bcl-x/ male fetal gonads. (A, B) Apoptotic cells were detected by TUNEL assay (brown) in sections of male fetal gonads
from wild-type (A) and Bcl-x/ (B) embryos at E13.5. Arrows indicate TUNEL-positive cells. The inset shows a higher magnification view of the boxed
region. (C, D) Apoptotic cells detected by TUNEL assay in sections of female gonads at E13.5. (E) Double staining of TUNEL (green) and SSEA-1 (red)
of a male fetal gonad from a Bcl-x/ embryo at E13.5. Developing testicular tubules are demarcated with dotted lines. (F) Higher magnification view of
the boxed region in (E). TUNEL-positive cells (green) are labeled with SSEA-1 (red) (arrow heads). Nuclei were counterstained with Hoechst 33258 dye.
Scale bars: (A–D), 100 m; (E), 50 m. (G) Numbers of TUNEL-positive cells per gonad of wild-type and Bcl-x/ embryos at E13.5 (data from 4 embryos
for each genotype and sex). (H) Semiquantification of Bcl-xL expression by real-time RT-PCR analyses in male and female germ cells at E13.5, from
wild-type and Bcl-x/ embryos (data from duplicate reactions from 3 independent experiments for each genotype and sex). Relative expression of Bcl-xL
was normalized to that of 18S rRNA.
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the same time, Bcl-xL expression became higher in female
than in male germ cells, while no significant differences
were detected in the expression levels of Bax.
Gonadal environment influences apoptosis of fetal germ
cells
The default pathway of cell cycle regulation in fetal germ
cells is to enter into meiosis, that is, the female develop-
mental pattern, and male gonadal environment directs male
germ cells to arrest in the G1/G0 phase at around E13.5
(McLaren and Southee, 1997; Chuma and Nakatsuji, 2001).
In order to address whether the observed difference in fetal
germ cell apoptosis between the sexes was also under the
influences from the gonadal environment, or intrinsic to
germ cells themselves, we carried out culture experiments
of fetal germ cells in the presence or absence of gonadal
somatic cells, and examined apoptosis. Both male and fe-
male germ cells, isolated at E11.5 and cultured for 1 day,
showed similar frequencies of apoptosis to those in female
germ cells in vivo at the corresponding stage, and frequen-
cies of apoptosis were not influenced by the presence of
gonadal (urogenital ridge) somatic cells (Fig. 6A). On the
other hand, male germ cells, isolated at E12.5 and cultured
in the presence of male gonadal somatic cells, showed
higher frequencies of apoptosis than those cultured without
gonadal somatic cells, although the increase in apoptosis in
vitro was limited compared with those observed in vivo. In
the absence of gonadal somatic cells, both male and female
germ cells, isolated at E12.5 and cultured in vitro, showed
similar frequencies of apoptosis to female germ cells in
vivo. BCL-x expression in male germ cells isolated at E12.5
and cultured in the presence of male gonadal somatic cells
was significantly lower than those cultured without gonadal
somatic cells, and thus was contrary to the pattern of apo-
ptosis (Fig. 6B). These results suggested that, as in the case
of the cell cycle regulation of fetal germ cells, the default
pathway of apoptosis in both male and female fetal germ
cells is the female pattern, that is, a low incidence of
apoptosis, while male gonadal somatic cells direct male
germ cells into increased frequencies of apoptosis. The
differences in the effects of male gonadal somatic cells
between E11.5–E12.5 and E12.5–E13.5 in vitro are consis-
tent with the previous reports that male gonadal somatic
cells dissociated before E11.5 did not retain the inhibitory
effect on the meiotic entry of male fetal germ cells
(McLaren and Southee, 1997; Chuma and Nakatsuji, 2001),
and suggest that acquisition or maintenance of the apopto-
sis-inducing activity by male gonadal somatic cells takes
place after E12.5.
Discussion
Homozygous disruption of the Bcl-x gene leads to em-
bryonic lethality at around E13.5 (Motoyama et al., 1995).
The number of fetal germ cells remaining in the Bcl-x null
embryos were almost normal at this stage, as shown in Fig.
3G and H. Bcl-x hypomorphic mutant mice, which were
viable but sterile, also showed normal numbers of fetal germ
cells at E12.5 (Rucker et al., 2000). However, at E13.5, a
decrease in both male and female germ cells occurs in
hypomorphic mutants. Thus, it was already known that
Bcl-x is not required for fetal germ cell survival before
E12.5, but it becomes indispensable at E13.5. In the present
study, we demonstrated that haploinsufficiency of Bcl-x
leads to defects in male fetal germ cells, followed by severe
testicular atrophy through postnatal life. On the other hand,
female fetal germ cells did not show noticeable abnormal-
ities during development, nor until the midst of the repro-
ductive life. Weight reduction in Bcl-x/ ovaries at 12
months of age should represent aging effects, and is in clear
contrast to the developmental defect observed in the testis.
We focused on and analyzed the distinct developmental
defects in the male germ cells in this study.
The difference in the phenotypes between male and fe-
male fetal germ cells at E13.5 in Bcl-x/ embryos ought to
reflect that the factor(s) involved in apoptosis regulation
become differently controlled between the sexes as soon as
the sex differentiation of embryos occurs. In fact, Bcl-x
itself showed different expression levels in male and female
fetal germ cells at the stage. The simplest explanation for
the fetal germ cell loss in the male, but not in the female in
Bcl-x/ embryos, would be that reduction in half of the
normal amount of Bcl-x is still sufficient to suppress apo-
ptotic inducers (which should include Bax) in female germ
cells, but not in male, in which the normal level of Bcl-x
expression is closer to the required threshold. On the other
hand, reduction to about 1/15 of the normal level of Bcl-x
expression in fetal germ cells in Bcl-x hypomorphic ho-
Fig. 5. Differential regulation of apoptosis in fetal germ cells between the sexes. (A) Changes in numbers of apoptotic germ cells in male and female fetal
gonads of wild-type embryos during development. Apoptotic cells increase in the male between E12.5 and E13.5, but remain at lower levels in the female
(data from 4 embryos for each stage and sex). (B) Whole-mount TUNEL staining of male and female gonads at E13.5. Apoptotic cells (blue) are abundant
in developing testicular cords in the male gonad, in addition to the degenerating Mu¨llerian duct. (C) Immunostaining of E13.5 gonads for BCL-x (upper
panels, green) and BAX (lower panels, green), merged with SSEA-1 signals (red). Scale bars: (B), 300 m; (C), 50 m. (D) Real-time RT-PCR analyses
of Bcl-xL expression in male and female fetal germ cells from wild-type embryos between E11.5 and E15.5 (data from duplicate reactions from 3 independent
experiments for each stage and sex). Relative expression of Bcl-xL was normalized to that of 18S rRNA. (E) Quantification of the immunostaining signal of
BCL-x, normalized to that of GAPDH (data from 300 cells from 6 embryos for each stage and sex). (F) Real-time RT-PCR analyses of Bax expression,
normalized to that of 18S rRNA (data from duplicate reactions from 3 independent experiments for each stage and sex). (G) Quantification of the
immunostaining signal of BAX, normalized to that of GAPDH (data from 300 cells from 6 embryos for each stage and sex).
211S. Kasai et al. / Developmental Biology 264 (2003) 202–216
212 S. Kasai et al. / Developmental Biology 264 (2003) 202–216
Fig. 6. Influences of gonadal somatic cells on fetal germ cell apoptosis in vitro. (A) Left three sets of columns (in vivo): Percent changes in apoptotic male
and female fetal germ cells in vivo (data from 4 embryos for each stage and sex). Some of the data (E12.5 and E13.5) were reproduced from Fig. 5A for
comparison with corresponding experiments in vitro. Middle two sets of columns (in vitro E11.5–E12.5): male and female fetal germ cells were isolated at
E11.5, and cultured on feeder cells for 24 h in the presence or absence of gonadal (genital ridge) somatic cells. Apoptotic germ cells were identified by double
staining of TUNEL with SSEA-1 (data from 4 wells in 2 independent experiments for each category). Right two sets of columns (in vitro E12.5–E13.5): fetal
germ cells isolated at E12.5 were cultured for 24 h as E11.5–E12.5 in the middle panels (data from 4 wells in 3 independent experiments for each category).
(B) Fetal germ cells, isolated and cultured as in (A), were processed for semiquantification of the immunostaining signal of BCL-x (normalized to that of
GAPDH). Some of the data in vivo (E11.5 and E13.5) were reproduced from Fig. 5E for comparison with corresponding experiments in vitro. The data in
vitro were collected from 4 wells in 2 independent experiments (300 cells were analyzed in each well). In (A) and (B), both male and female fetal germ cells
cultured from E11.5 show similar frequencies of apoptosis and expression levels of BCL-x to those observed in female germ cells in vivo, regardless of the
presence or absence of gonadal somatic cells. On the other hand, male fetal germ cells isolated at E12.5 and cultured in the presence of gonadal somatic cells,
show higher frequencies of apoptosis and reduced expression of BCL-x compared with female germ cells or male germ cells cultured in the absence of
gonadal somatic cells, and to female germ cells in the presence of gonadal somatic cells (the differences are statistically significant: P  0.05).
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mozygous embryos (Rucker et al., 2000) should be far
under the required levels for the cell survival, leading to
almost complete loss of both male and female fetal germ
cells before birth.
Numbers of TUNEL-positive male fetal germ cells were
about 2-fold in Bcl-x/ embryos than in wild-type embryos
at E13.5 (the difference was about 250 cells per gonad),
while germ cell numbers were about 1/4 at E14.5 (the
difference was over 4000 cells per gonad). It was reported
that duration in which apoptotic cells can be detected by
TUNEL assay (which detects DNA fragmentation before
cell fragmentation) is about 1–3 h (Barres et al., 1992;
Gavrieri et al., 1992), and developing Sertoli cells in fetal
testes possess phagocytotic activity as well known for those
in the adult testis (Black, 1971). Assuming that duration in
which apoptotic male fetal cells can be detected by TUNEL
assay is about 1.5 h on average, the difference of 250 cells
sums up to the difference of 4000 cells after 24 h between
E13.5 and E14.5 [250 cells  (24 h/1.5 h)  4000 cells].
The sex differentiation of embryos commences with the
expression of Sry in male gonadal somatic cells at around
E10.5 (Koopman et al., 1990; Sinclair et al., 1990; Hacker
et al., 1995). Following differential expression of sex-spe-
cific genes, male and female gonadal somatic cells acquire
different characteristics by around E13.5 (reviewed in
Swain and Lovell-Badge, 1999). At around the same stages,
PGCs, which possess competence to enter into meiosis
regardless of their chromosomal constitution, enter into
meiosis in the female gonadal environment, or are directed
to arrest at G1/G0 in the male gonadal environment (Fran-
cavilla and Zamboni, 1985; McLaren and Southee, 1997;
Chuma and Nakatsuji, 2001). In this study, we showed that
male fetal germ cells exhibit higher frequencies of apoptosis
compared with the female at around E13.5 in wild-type
embryos (Fig. 5A). Therefore, differential regulation be-
tween male and female fetal germ cells also applies to
apoptosis, and it occurs just at around the onset of sex
differentiation of fetal germ cells. Previous studies have
shown that fetal germ cells undergo several surges of apo-
ptosis during development, such as prospermatogonia
(Wang et al., 1998) and developing oocytes (Ratts et al.,
1995). In this study, we focused on differential regulation of
fetal germ cell apoptosis between the sexes, which occurs
along with the initial phase of the sex differentiation. The
difference would not be intrinsic to germ cells themselves,
but would be caused by differences in surrounding gonadal
environments, since (1) male fetal germ cells cultured with
gonadal somatic cells (from E12.5 to E13.5) showed higher
frequencies of apoptosis than those cultured without go-
nadal somatic cells, and (2) in the absence of gonadal
somatic cells, both male and female fetal germ cells showed
similar frequencies of apoptosis to female fetal germ cells in
vivo. Therefore, the default pathway of apoptosis in both
male and female fetal germ cells would be the female
pathway, and male gonadal somatic cells probably have an
activity to increase the frequencies of apoptosis in male fetal
germ cells. Acquisition or maintenance of such activity
seem to require cell–cell interactions in the testis during
development, since increase in apoptosis of male fetal germ
cells was not observed in the culture from E11.5 to E12.5
with male genital ridge somatic cells (Fig. 6A).
As to possible mechanisms underlying the differential
regulation of fetal germ cell apoptosis, extracellular signals
would probably be present on or exerted from male gonadal
somatic cells and play active roles in directing male fetal
germ cells into increased apoptosis. TGF-1 and -2, which
are expressed in the fetal male gonads (Gautier et al., 1994;
Olaso et al., 1997), are known to inhibit the survival of
PGCs in vitro (Godin and Wylie, 1991; Olaso et al., 1998),
and they also suppress the expression of Bcl-xL in a B-
lymphoma cell line (Saltzman et al., 1998). Differences in
the cell cycle stages in fetal germ cells between the sexes
may also cause different sensitivities to apoptosis. In several
somatic cell lines, frequencies of apoptosis increase and the
BCL-x expression reduce at the G1/G0 phase (Blutt et al.,
2000; Pidgeon et al., 2002). The G1/G0 arrest of prosper-
matogonia may lead to their increased sensitivities to apo-
ptosis. In that case, intrinsic sensitivity and intercellular
induction may both play parts in the differential regulation
of apoptosis. There may also be a possibility that some male
fetal germ cells enter into the very initial step of the first
meiosis in error, as was implicated by weak expression of
meiotic genes in fetal male gonads (Di Carlo et al., 2000;
Chuma and Nakatsuji, 2001), and increased apoptosis may
function in eliminating such cells in the male. Further elu-
cidation of mechanisms and factors involved in apoptosis
regulation in fetal gem cells may provide novel insights to
the sex differentiation.
Germ cells appear to be more susceptible to disorders of
apoptotic genes than somatic cells. Disruptions of apoptotic
genes, such as Bcl-w, Bax, and dosage reduction in Bcl-x,
show defects preferentially in germ cells. Germ cells may
have receptive check-point mechanisms that monitor appro-
priateness of apoptotic processes, and this may represent
one of the characteristics of germ cells, which have impor-
tant roles to assure continuity through generations.
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